Rainfall and air temperature variations resulting from climate change are important driving forces to change hydrologic processes in watershed ecosystems. This study investigated the impacts of past and future rainfall and air temperature variations upon water discharge, water outflow (from the watershed outlet), and evaporative loss in the Lower Yazoo River Watershed (LYRW), Mississippi, USA using the Hydrological Simulation Program-Fortran (HSPF) model. Four future climate change (i.e., rainfall and air temperature change) scenarios, namely the CSIROMK35A1B, HADCM3B2, CSIROMK2B2, and MIROC32A1B scenarios, were used as input data to perform simulations in this study. Results showed that monthly variations of water discharge, evaporative loss, and water outflow were primarily due to the monthly fluctuations of rainfall rather than air temperature. On average, for all of the four scenarios, a 6.4% decrease in rainfall amount resulted in, respectively, 11.8 and 10.3% decreases in water outflow and evaporative loss. Our study demonstrated that rainfall had profound impacts upon water outflow and evaporative loss. In light of this predicted future decrease in water outflow, water resource conservation practices such as reducing ground and surface water usages that help to prevent streams from drying are vitally important in mitigating climate change impacts on stream flow in the LYRW.
INTRODUCTION
Climate change is a long-term change in statistical distribution of weather patterns over periods of time that range from decades to millions of years (Houghton et al. ) . Climate change over the last several decades has been linked to changes in hydrological characteristics, including increasing atmospheric water vapor content; modifying rainfall patterns, intensity and extremes; reducing snow cover and widespread melting of ice; and changing soil moisture, surface runoff, and stream discharge (NRC ). Over the 20th century, rainfall has increased over land in high northern latitudes, but has decreased from 10 W S to 30 W N since the 1970s. Globally, the area of land classified as very dry has more than doubled since the 1970s.
Estimates of hydrologic characteristics (e.g., stream dis- Back in frontier days, the Lower Mississippi River Basin (LMRB) was considered as a water-rich region that supported a high standard of living and biodiversity. In the past decades this region has, however, experienced increasing water stress due to climate change, land use conversion, and population increase. Extensive usages of ground and surface water leading to overdrafts and declines in water resources have resulted in water shortages (Konikow ) , which are increasingly common and are more likely to become severe in the future. Although much attention has been given to estimate climate change impacts upon streamflows (Nazif & in the Yazoo River Basin (YRB), which is a sub-basin within the LMRB. These authors showed that climate change is likely to affect hydrometeorology more significantly than bioenergy crop production. However, no effort has been made to investigate the impacts of rainfall and air temperature variations due to climate change upon water discharge, water outflow, and evaporative loss in this basin. Therefore, a need exists to undertake this issue.
The goal of this study was to evaluate the potential impact of future climate change (i.e., rainfall and air temperature vari- 
MATERIALS AND METHODS

Study site
The LYRW is located in the southern part of the YRB, within the LMRB, with an area of 618 km 2 (Figure 1) 
Model description
BASINS is a multipurpose environmental analysis system for use by regional, state, and local agencies in performing watershed and water quality-based studies. This software makes it possible to quickly assess large amounts of point source and non-point source data in a format that is easy to use and understand (US-EPA ). The HSPF is a comprehensive model developed by the US-EPA for simulating many processes related to water quantity and quality in watersheds of almost any size and complexity (Bicknell et al. ) .
Data acquisition
Data collection for the LYRW (HUC 08030208 region) 
Model calibration and validation
Model calibration is a process of adjusting input parameters within a reasonable range to obtain a match between field Comparison of the observed and predicted annual water outflow (through watershed outlet) volume is given in With the regression equation of prediction ¼ 0.9713*observation and R 2 ¼ 0.978, we determined that a very good agreement was obtained between the field observations and model predictions during the model calibration process.
Daily mean discharge data were used to examine peak flows graphically between the observations and the predic- 
SIMULATIONS
Four simulation scenarios, namely the CSIROMK35A1B, HADCM3B2, CSIROMK2B2, and MIROC32A1B scenarios, were performed for a simulation period of 50 years in this study. The purpose of these scenario analyses was to project the potential impact of future climate changes (i.e., the rainfall and air temperature changes) upon hydrologic characteristics such as stream water discharge, surface water evaporation, and basin water outflow in the LYRW. In these four simulation scenarios, the only differences were the time series air temperature and rainfall variations. All other factors and conditions such as land uses, soil types, and topographies used in this study were kept the same for all of the four simulation scenarios.
Characteristics of air temperature and rainfall from 2001
to 2050 are given in Table 1 and were briefly discussed in the data acquisition section above. Details of simulation results for each scenario are presented below.
Water discharge
Changes in monthly mean water discharge at the LYRW outlet ( Figure 1 ) for the four simulation scenarios during a 10-year simulation period from 2011 to 2020 are given in Figure 3(a) . In general, the monthly mean water discharge
varied from year to year and from scenario to scenario.
For example, the largest monthly mean water discharge was 138 m 3 /s for the MIROC32A1B scenario in 2016 and was 61 m 3 /s for the HADCM3B2 scenario in 2012. The former was about 2.3 times larger than the latter. This was basically consistent with rainfalls for those scenarios (Figure 4(a) ) because rainfall is a major driving force for stream discharge.
Figure 3(b) shows the annual sum water discharge for the four simulation scenarios during a 10-year simulation period from 2011 to 2020. Analogous to the case of monthly mean water discharge, the total annual water discharge for each scenario varied from year to year. The discharge was highly correlated to the annual rainfall. For example, a highest annual sum water discharge was obtained in 2016 for the MIROC32A1B scenario (Figure 3(b) ), which occurred because there was a highest annual rainfall during the same time for this scenario (Figure 4(a) ). A plot of the annual mean water discharge against the annual rainfall further confirmed this finding ( Figure 5 ). There were very good positive correlations (R 2 ranged from 0.82 to 0.91) between the annual mean discharge and the annual rainfall for those four scenarios.
Variations in monthly maximum water discharge for the four simulation scenarios during a 10-year simulation period from 2011 to 2020 are given in Figure 6(a) . Analogous to the case of the monthly mean water discharge, the largest monthly maximum water discharge (148 m 3 /s) was observed for the MIROC32A1B scenario. This was the case because the MIROC32A1B scenario had the highest rainfalls (Figure 4(a) ). Rainfall was a major driving force for stream water discharge. As the intensity of rainfall increased, so did the rate of water discharge in the stream. Figure 6 (a) also revealed that the CSIROMK2B2 scenario had the lowest monthly maximum water discharge among the four simulation scenarios during most of the years in this simulation period. The largest monthly maximum water discharge for the CSIROMK2B2 scenario was 68 m 3 /s, which was more than two-fold lower than that of the MIROC32A1B scenario. This occurred because the CSIROMK2B2 scenario had the lowest maximum rainfall (Table 1) . It was, therefore, apparent that rainfall had positive effects on stream water discharge, i.e., the increase in the amount and maximum rainfalls was proportional to the increase in the magnitude and maximum stream water discharges. Differences in monthly minimum water discharge for the four simulation scenarios during a 10-year simulation period from 2011 to 2020 are given in Figure 6(b) . Similarly to the case of monthly maximum water discharge, the largest monthly minimum water discharge was 68 m 3 /s for the MIROC35A1B scenario and was 67 m 3 /s for the CSIROMK2B2 scenario. The former was slightly larger than the latter. This happened due to the same reason as for the case of the monthly maximum water discharge. The 50-year sum of water discharge was in the following order: CSIROMK35A1B > HADCM3B2 > MIROC32A1B > CSIROMK2B2. For example, the 50-year sum of water discharge was 249,000 m 3 /s for the CSIROMK35A1B scenario, but was 172,000 m 3 /s for the CSIROMK2B2 scenario.
The former was about 1.4 times larger than the latter as a result of the greater amount of total rainfall for the CSIROMK35A1B scenario (Table 1) . A similar order was observed for the 50-year mean water discharge. Table 4 further reveals that the 50-year maximum water discharge was in the following order: CSIROMK35A1B > MIROC32A1B > HADCM3B2 > CSIROMK2B2. For example, the maximum water discharge was 161 m 3 /s for the CSIR-OMK35A1B scenario, but was 81.8 m 3 /s for the CSIROMK2B2 scenario. The former was 1.9 times larger than the latter. This occurred because the CSIROMK35A1B scenario had much higher maximum rainfall (Table 1) . Figure 7 shows the volumes of monthly mean, maximum, and minimum water evaporative loss for the four simulation (391 m 3 ). In general, the MIROC32A1B scenario had the highest air temperature for this simulation period (Figure 4(b) ) and resulted in the largest monthly mean evaporative loss.
Evaporative loss
Overall, we attributed these mixed results to variations in air temperature, rainfall, and soil moisture content during those particular years. It should be noted that the land uses such as agricultural and forest lands were kept the same for all of the four simulation scenarios used in this study.
Analogous to the case of monthly mean evaporative loss, the monthly maximum evaporative loss for each scenario varied from year to year (Figure 7(b) ). The largest monthly maximum evaporative loss for those four simu- It should be kept in mind that the volumes of the sum, mean, maximum, and minimum evaporative loss for each scenario changes for different simulation periods due to the variations in air temperature and rainfall for each simulation period. Evapotranspiration is a complicated process, which depends not only on air temperature, rainfall, solar radiation, wind speed, and soil moisture content, but also on their combined effects, such as time intervals and durations when high air temperature and rainfall occurred. In addition, land use patterns (agricultural and forestry) also play an important role in evapotranspiration, although this pattern was kept the same for all of the four simulation scenarios used in this study.
Water outflow
Changes in monthly mean water outflow through the LYRW outlet for the four simulation scenarios during a 10-year simulation period from 2011 to 2020 are given in Figure 8(a) . Analogous to the case of water discharge and evaporative loss, the volumes of water outflow varied from year to year and from scenario to scenario. The largest monthly mean water outflow during this period was 478,000 m 3 for MIROC32A1B, but was 133,000 m 3 for CSIROMK2B2.
The former was 3.6 times larger than the latter. This occurred because the MIROC32A1B scenario was wetter (higher rainfall) while the CSIROMK2B2 scenario was drier (lower rainfall) during this period (Figure 4(a) ). to the case of the monthly mean water outflow, the MIROC32A1B scenario had the largest monthly maximum water outflow (534,000 m 3 ). This was the case because the MIROC32A1B scenario had the highest rainfall during this simulated period (Figure 4(a) ). Rainfall is a major controlling factor for water outflow. An increase in rainfall would result in an increase in water outflow.
Differences in monthly minimum water outflow for the four simulation scenarios during a 10-year simulation period from 2011 to 2020 are given in Figure 8(c) . A similar pattern was obtained as that in the case of the monthly maximum water outflow. That is, the largest monthly minimum water outflow was found in 2016 for MIROC32A1B and in 2013 for CSIROMK2B2. The former (243,000 m 3 ) was about 2.6-fold larger than the latter (41,300 m 3 ). This occurred for the same reason as for the case of the monthly maximum water outflow. Table 4 lists > MIROC32A1B. Table 4 further reveals that the 50-year maximum water outflow had the same order as that of the sum water outflow. It is, therefore, apparent that the rainfall had tremendous effects on the water outflow.
Past and future comparison
The impact of rainfall upon evaporative loss and water outflow between the past 10 years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and the future 10 years (2011-2020) for each simulation scenario is given in Table 5 . This table shows that the sum and mean values of rainfall from the past 10 years to the future 10 years were decreased for all of the four simulation scenarios, which had resulted in decreasing evaporative loss and water outflow. For example, a 14.49% decrease in the sum of rainfall from the past 10 years to the future 10 years had resulted in a 25.81% decrease in the sum of water outflow for the CSIROMK35A1B scenario. Similar water outflow patterns were observed for other scenarios. As the sum of rainfall decreased from the past 10 years to the future 10 years, the sum of evaporative loss also decreased for most of the simulation scenarios except for the CSIROMK2B2 scenario. Our simulations suggested that the total amount of rainfall had profound impacts upon water outflow and evaporative loss in the LYRW.
Analogous to the case of the sum of rainfall, a decrease in mean rainfall from the past 10 years to future 10 years had resulted in a decrease in mean water outflow. For example, a 7.62% decrease in mean rainfall from the past 10 years to the future 10 years had resulted in 10.74% and 12.68% decreases, respectively, in evaporative loss and water outflow for the HADCM3B2 scenario. On average, for all of the four scenarios, a 6.4% decrease in rainfall resulted in a 11.8% decrease in water outflow and 10.3% decrease in evaporative loss.
Unlike the case of the sum and mean rainfalls, there were no apparent correlations between the maximum rainfall and maximum water outflow. It seems that maximum water outflow through the basin outlet could also depend on topography and stream channel matrix. In addition, the impact of air temperature on evaporative loss cannot be deduced from this study. This is because evapotranspiration is a complex process, which is governed not only by air temperature, but also by rainfall, vegetation, and soil In general, the monthly water discharge, evaporative loss, and outflow varied from year to year as well as from scenario to scenario, which was primarily due to the monthly fluctuations in rainfall. There were very good positive correlations (R 2 ranged from 0.82 to 0.91) between the annual mean discharge and the annual rainfall for those four scenarios. The sum, mean, maximum, and minimum values of water discharge, evaporative loss, and water outflow for those four simulation scenarios varied with simulation periods. For a 50-year simulation period, the sum and mean water discharges were in the following order: CSIROMK35A1B > HADCM3B2 > MIROC32A1B > CSIROMK2B2, whereas the maximum water discharge was in the following order: CSIROMK35A1B > MIROC32A1B > HADCM3B2 > CSIROMK2B2; the sum and mean water evaporative losses were in the following order: CSIROMK2B2 > HADCM3B2 > CSIROMK35A1B > MIROC32A1B, whereas the maximum evaporative loss was in the following order:
CSIROMK2B2 > CSIROMK35A1B > HADCM3B2 > MIR-OC32A1B; and the sum, mean, and maximum water outflows were in the following order: CSIROMK35A1B > HADCM3B2 > CSIROMK2B2 > MIROC32A1B. We attributed the discrepancies to the highly nonlinear and dynamic variations in rainfall for different simulation periods.
Comparison of simulation results between the past 10 years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and the future 10 years (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) showed that the sum and mean rainfalls from the past 10 years to the future 10 years decreased for all of the four simulation scenarios, which resulted in decreased evaporative loss and water outflow. On average, for all of the four scenarios, a 6.4% decrease in rainfall resulted in a 11.8% decrease in water outflow and 10.3% decrease in evaporative loss. Our simulations suggested that the total amount of rainfall had profound impacts upon water outflow and evaporative loss in the LYRW.
The impact of air temperature on evaporative loss cannot be deduced from this study. This is because evapotranspiration is a complex process, which is governed not only by air temperature, but also by rainfall, vegetation, and soil moisture content. A plot of our simulated evaporative loss against air temperature did not show any good correlations for all of the simulation scenarios. These correlations could be masked by the rainfall. To compare the impact of air temperature on evaporative loss between the past 10 years and the future 10 years, simulations must be performed with changing air temperature but with the same rainfall for the past and future 10 years.
Further study is thus warranted to investigate the impact of the percentage changes in future air temperature, rainfall, and forested land upon water discharge, evaporative loss, and water outflow in the LYRW. This could be accomplished by changing one of three input parameters (i.e., air temperature, rainfall, and forested land) while keeping the other two input parameters unchanged for those four simulation scenarios. It should be pointed out that although the air temperature and rainfall data from those four scenarios generated from the General Circulation Models have been widely used around the world, caution should be given to validating their accuracy using local observations when such observations are available.
